Abstract. The carotenoid content of fresh fruits, like chiles or peppers (Capsicum annuum L.), is a desirable fruit quality trait because these compounds increase the nutritional value of the fruit. Carotenoids in general serve as antioxidants, whereas specific carotenoids are pro-vitamin A types and yet others are necessary for retinal pigments. In the plant, carotenoids function to harvest light energy during photosynthesis, act as antioxidants in multiple cell types, and pigment fruit and flowers to attract pollinators and seed dispersal agents. All of these cells presumably accumulate carotenoids through the same biosynthetic pathway. We investigated the relationship between light levels in the growth environment and the carotenoid levels that accumulated in mature fruit and leaves. Three chile cultivars with orange fruit, 'Fogo', 'Orange Grande', and 'NuMex Sunset', were grown under three different light conditions, shaded greenhouse, unshaded greenhouse, and field in Las Cruces, NM. Foliar carotenoid increased approximately twofold with increased light, whereas carotenoid content in fruit decreased two-to threefold with increased light. All cultivars showed identical trends with light despite having cultivar-specific carotenoid accumulation patterns in their fruit.
In humans and other animals, specific carotenoids provide essential vitamin precursors; b-carotene and b-cryptoxanthin are pro-vitamin A forms of carotenoids (Yeum and Russell, 2002) . Diets deficient in vitamin A cause night blindness in humans (Rao and Rao, 2007) . Human macula pigments are a mixture of carotenoids, lutein, and other xanthophylls. These compounds prevent free radical production in the retina, protecting the macula from blue light phototoxication and other damage caused by blue light (reviewed in Stringham and Hammond, 2005) .
All members of the Capsicum genus accumulate carotenoids in the pericarp of the fruit with cultivar-specific abundances and compositions (Guzmán et al., 2010; HorneroMéndez et al., 2000; Howard et al., 2000; Rodriguez-Uribe et al., 2012; Wahyuni et al., 2011; Wall et al., 2001) . In addition to their nutritional value, the red pigments (capsanthin and capsorubin) are extracted and used as a non-carcinogenic red dye for cosmetics and to color different foods (Wall and Bosland, 1998) . Quantification methods based on highperformance liquid chromatography (HPLC) are in place for the most common carotenoids: lutein, capsanthin, capsorubin, b-carotene, b-cryptoxanthin, violaxanthin, and zeaxanthin (Guzmán et al., 2010) among others.
Light plays a key regulatory role for genes and gene products related to photosynthesis including carotenoids (Pizarro and Stange, 2009) . Phytochrome regulates expression of phytoene synthase, a key step on the carotenoid biosynthetic pathway in tomato fruit (Alba et al., 2000; Schofield and Paliyath, 2005) . Similar results were observed for carotenoids in pepper leaves (Simkin et al., 2003) . However, the accumulation of carotenoids in Capsicum fruit does not always increase with increasing light. Russo and Howard (2002) showed that seven of 10 red-fruited cultivars of C. annuum increased total carotenoid accumulation in fruit when grown under greenhouse conditions relative to the field. Lee et al. (2005) report increased levels of lutein and zeaxanthin in Capsicum fruit grown in a greenhouse vs. two different field settings. Light levels were %20% reduced in the greenhouse setting.
In this study, we investigated the role of light on carotenoid content in three orangefruited C. annuum cultivars known to have unique carotenoid profiles (Guzmán et al., 2010) . We compared the carotenoid accumulation in leaf and fruit tissues of these cultivars in plants grown under three different light levels to evaluate the role of light in two different developmental contexts.
Materials and Methods
Plant materials. Three cultivars of C. annuum, 'Fogo', 'NuMex Sunset', and 'Orange Grande', were grown from seed in a greenhouse on the New Mexico State University (NMSU) campus in Las Cruces, NM, Summer 2010. Seedlings were transplanted to 4-inch pots with MetroMix 360 irrigated daily with a drip system and fertilized with Osmocote (14N-14P-14K). When the plants started to develop fruit, each cultivar was split into two groups of six plants each; one group was moved to a shaded bench in the greenhouse under two layers of a sheer voile white curtain (Mainstays Curtains; Wal-Mart, Bentonville, AR) that decreased light intensity %40% to 50%. The other group was kept in an unshaded area of the greenhouse. These same cultivars were planted in the Chile Demonstration Garden, Summer 2010, at the NMSU Fabian Garcia Science Center, Las Cruces, NMSU. Seedlings were started in a greenhouse at the center and transplanted into the garden several weeks later, sown in trays early March, and transplanted into the field mid-April. Mature fully ripened fruits from each cultivar within each group (field, unshaded greenhouse, and shaded greenhouse) were harvested, pericarps dissected, and frozen in liquid nitrogen. Mature fully expanded leaves (10 g) were harvested at the same time as the fruit harvest for carotenoid and chlorophyll extraction.
Chemicals. Purified standards for capsanthin, capsorubin, b-cryptoxanthin, violaxanthin, and zeaxanthin were obtained from CaroteNature, Lupsingen, Switzerland; b-carotene, chlorophyll A, and lutein were obtained from Sigma-Aldrich, St. Louis, MO. All other chemicals were HPLC or American Chemical Society reagent grade.
Light measurement. The light intensity was measured using a LI-250 light meter (LI-COR, Lincoln, NE) at the canopy level. In the field, readings were taken at several locations at 1030 HR twice a week for 30 d before the fruit harvest (1 Aug. to 30 Aug.). In the greenhouse, readings were taken at 1030 HR twice a week at the canopy level of each plant for 60 d before fruit harvest (10 May to 10 July).
Extraction and analysis. Pigments were extracted and analyzed essentially as described earlier (Richins et al., 2010; RodriguezUribe et al., 2012) . Briefly, fruit or leaf samples, 4 or 8 g, respectively, were extracted with hexane and dried under N 2 gas flow, resuspended in isopropanol, and 500 mL was saponified with 100 mL methanolic KOH for 30 min at 50°C. Water (500 mL) and chloroform (300 mL) were added to the saponified extract, and the organic phase containing the saponified pigments was collected by centrifugation. Extracts were analyzed on a Waters HPLC system equipped with a 4.6 · 250-mm YMC carotenoid column. A linear gradient consisting of methanol:methyl-t-butyl ether: water:: 81:15:4 (Solvent A) and methyl-t-butyl ether:methanol:water::88:8:4 (Solvent B) was used. The flow rate was 2 mLÁmin -1 at 25°C. Absorbance data were collected with a photodiode array (PDA) from 400 to 600 nm. Calibration curves were generated at 450 nm with the reference standards: b-carotene, lutein, and lycopene (Sigma); and capsanthin, capsorubin, zeaxanthin, antheraxanthin, violaxanthin, and b-cryptoxanthin, CaroteNature GmbH (Lupsingen, Switzerland). Hexane extracts before saponification were analyzed to measure chlorophyll content; chlorophyll A peak was detected by absorbance at 432 nm. Quadruplicate extractions were performed on each genotype grown in each of the three environments and the average concentration for each carotenoid and total carotenoids was calculated following independent HPLC analyses.
Statistical analysis. Mean values and SDs of carotenoid accumulation were calculated for each pigment and three different light intensity levels for three cultivars used in this experiment. The Proc General Linear Models procedure in SAS (SAS 9.2; SAS Institute Inc., Cary, NC) was used to determine if there were any carotenoid accumulation differences among different light intensity groups of the same variety in fruits and leaves. The mean for individual and total carotenoids was calculated using the ''Proc Means'' command in SAS. Carotenoid mean differences among different light intensity groups of the same variety in fruits and leaves were determined with Fisher's least significant difference test at a probability level of 0.05.
Results and Discussion
Three environments, one field and two greenhouse settings with distinct light levels, were used to establish three different light levels. Plants in the field were cultivated under light almost four times higher than the group with lowest light intensity, shaded greenhouse plants (Fig. 1A) . Average photosynthetically active radiation (PAR) at midmorning for the shaded plants was 139 mmolesÁm -2
Ás
-1 PAR, whereas the field plants were illuminated at 525 mmolesÁm PAR. These light levels were associated with different plant pigment accumulations in the leaves and fruit.
Leaf carotenoids accumulate in chloroplasts with most pigment accumulation in the form of chlorophyll-carotenoid-protein complexes. These complexes work as an antenna to harvest light for photosynthesis (Malkin and Niyogi, 2000) . As expected, the chlorophyll level of leaves in all three cultivars grown under shaded conditions was higher compared with the chlorophyll level when those cultivars were grown under field conditions (Fig.  1B ). There were cultivar-specific differences in the absolute amount of chlorophyll; 'Orange Grande' had higher levels of chlorophyll than the other two cultivars, but within each cultivar, chlorophyll levels increased in leaves as light levels decreased. These same higher light levels were correlated with increased carotenoid accumulation in leaves; again the same pattern was observed for all three cultivars (Fig. 1C) .
For field-grown plants, the high light stress is associated with increased carotenoid accumulation to prevent photoinhibition in the chloroplast. Most of this increase in carotenoid accumulation in leaves is the result of an increase in b-carotene with additional increases in unidentified carotenoids (Table 1 ). There were very few significant differences in accumulation among the other carotenoids. The unidentified carotenoids represented between 12% and 19% of the total leaf carotenoid depending on cultivar and light intensity group.
Carotenoid concentrations were markedly decreased in fruit-grown plants cultivated under increased light levels (Fig. 1D) . The same trend was observed for all three orangefruited cultivars regardless of total carotenoid accumulation level. In 'Fogo', a cultivar with high total carotenoid accumulation, plants grown under reduced light levels had significant increases in all of the specific carotenoids except lutein ( Table 2 ). The most abundant carotenoid in fruit on shaded 'Fogo' plants was violaxanthin, whereas the most abundant carotenoid in fruit on field-grown plants was lutein. The unidentified pool of carotenoids in HORTSCIENCE VOL. 47(7) JULY 2012 fruit of 'Fogo' grown under any light condition was larger than in any other cultivar and increased in abundance with decreasing light. In 'Orange Grande', a cultivar with high provitamin A carotenoids, plants grown under reduced light levels had significant increases in all of the specific carotenoids. In this cultivar, zeaxanthin was the most abundant carotenoid in fruit regardless of growth conditions. 'NuMex Sunset' is an unusual orange-fruited cultivar that does not accumulate any b-carotene and has very low levels of carotenoids (Rodriguez-Uribe et al., 2012) . Again, fruit on shaded plants of this cultivar had increased levels of capsanthin along with unidentified carotenoids as compared with field-grown plants. Unidentified carotenoid peaks in chromatograms of fruit samples represented between 18% and 40% of the total fruit carotenoid depending on cultivar and light intensity group (Table 2) . Russo and Howard (2002) reported cultivarspecific responses among red-fruited pepper cultivars; the majority of cultivars demonstrated an increase in carotenoids in fruit from green house plants compared with the field plants.
No orange-colored cultivars as rich sources of pro-vitamin A carotenoids, b-carotene, and b-cryptoxanthin were included in their study. The light levels of the two environments were not described, although presumably the greenhouse had reduced light relative to the field.
There is wide cultivar-specific variation in the carotenoid levels of Capsicum fruit. Wall et al. (2001) demonstrated this for b-carotene [0 to 136 mgÁg -1 fresh weight (FW)] and total carotenoids (4 to 1173 mgÁg -1 FW) across 25 cultivars from three species. Red-colored fruit usually has the highest levels of carotenoids, although there are specific exceptions. There are a few reports that include analyses on yellow-or orange-colored peppers; fruit of these colors usually have lower carotenoid content (Guzmán et al., 2010; Howard et al., 2000; Wall et al., 2001 ). The three orange-colored cultivars used in this study, 'Fogo', 'Orange Grande', and 'NuMex Sunset', were selected based on our earlier work that demonstrated these cultivars had distinct carotenoid profiles (RodriguezUribe et al., 2012) . In that earlier study we reported total carotenoid levels of %160, 90, and 10 mgÁg -1 FW pericarp for 'Fogo', 'Orange Grande', and 'NuMex Sunset', respectively. These carotenoid values are very similar to the levels reported here for field samples of these fruit in Figure 1D . The cultivar-specific carotenoid patterns expected for these samples, based on previous analysis (Rodriguez-Uribe et al., 2012), were observed in the field sources of the three cultivars (Table 2) .
Environmental stresses will affect fruit quality; high temperature may increase pungency levels in Capsicum fruit (Lindsay and Bosland, 1995 ). Here we demonstrate that Capsicum fruit pigment is also responsive to environmental influence, probably light levels. Additional stresses in these environments include water deficiency, high temperature, and wind, particularly in the field. Tomato fruit on a shaded side of trellised field-grown plants have reduced lycopene content relative to the fruit grown in direct sun (Helyes et al., 2007; Pék et al., 2011) . This reduction in lycopene content was proposed to be the result of an increased fruit temperature rather than light levels based on the observation that several components of tomato fruit quality are correlated with temperature rather than light levels (Riga et al., 2008) . Other work has linked tomato carotenoid content with light quality. Red-light treatment (30 min) of dark-stored breaker tomatoes increased the lycopene content but not the b-carotene content in fruit over a 21-d period (Liu et al., 2009) . Phytochrome has been proposed as a component of the light regulation of carotenoid accumulation in tomato fruit (Alba et al., 2000; Schofield and Paliyath, 2005) .
Increasing levels of fruit carotenoids that have nutritional value for human health by manipulation of the plant growth environment is intriguing. For instance, 'Fogo' and 'Orange Grande' have relatively high amounts of pro-vitamin A carotenoids b-carotene and bcryptoxanthin in fruit with higher levels of these carotenoids in fruit from unshaded greenhouse plants and shaded greenhouse plants. Two other carotenoids, lutein and zeaxanthin, play key roles in vision as macular pigments (Stringham and Hammond, 2005) . Again levels of these carotenoids were higher in fruit from shaded 'Fogo' and 'Orange Grande' plants compared with field plants. Capsanthin, the red pigment found in NuMex Sunset cultivar, also accumulated to higher levels in shaded plants compared with the other groups. This pigment has a role in human health by preventing free radical formation and may have cancer prevention effects (Maoka et al., 2001) . Although there are many differences between the field and greenhouse settings that could be invoked to explain the differences in fruit carotenoid accumulation, there are very few differences between the shaded and unshaded greenhouse settings besides the reduced light y Mean values (n = 4) within a column for each cultivar followed by different letters are significantly different (P = 0.05). x ND = not detected. y Mean values (n = 4) within a column for each cultivar followed by different letters are significantly different (P = 0.05). x ND = not detected. levels. Furthermore, a role for light in the accumulation patterns of the chlorophyll and carotenoids in leaf samples is supported by previous reports in pepper (Simkin et al., 2003) . Our study did not determine if the different levels of carotenoids in fruit were the result of changes in synthesis or degradation rates; either is possible. However, the basis for the different regulatory responses on the carotenoid pathway in fruit and leaf tissue warrants further study.
Conclusions
In three C. annuum cultivars, leaf carotenoids accumulated to higher levels in plants grown under higher light intensity. Carotenoid levels in fruit from these same plants showed the opposite trend, higher carotenoid levels with lower light intensity level. Carotenoids are antioxidants that are essential for human health; these results suggest that manipulation of the growth environment to increase the nutritional value of fruit may be possible.
